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Three-body decay of thed* dibaryon

Chun Wa Wong
Department of Physics and Astronomy, University of California, Los Angeles, California 90095-1547

~Received 23 June 1998!

Under certain circumstances, a three-body decay width can be approximated by an integral involving a
product of two off-shell two-body decay widths. This ‘‘angle-average’’ approximation is used to calculate the
pNN decay width of thed* (Jp531,T50) dibaryon in a simpleD2 model for the most important Feynman
diagrams describing pion emissions with baryon-baryon recoil and meson retardation. The decay width is
found to be about 0.006~0.07, 0.5! MeV at the d* mass of 2065~2100, 2150! MeV for input dynamics
derived from the full Bonn potential. The smallness of this width is qualitatively understood as the
result of the three-body decay being ‘‘third forbidden.’’ The concept ofl forbiddenness and the threshold
behavior of a three-body decay are further studied in connection with thepNN decay of the dibaryon
d8(Jp502,T50 or 2) where the idea of ‘‘unfavoredness’’ has to be introduced. The implications of these
results are briefly discussed.@S0556-2813~98!06910-6#

PACS number~s!: 14.20.Pt, 13.75.Cs
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I. INTRODUCTION

Almost all theoretical dibaryons with exotic quark stru
tures have masses above thepNN threshold@1#. They can
thus decay intopNN states. From the viewpoint of dibaryo
searches, the most promising candidates should have the
rowest widths; otherwise, they do not stand out clearly ab
the background. However, theirpNN widths should not be
too small; otherwise, too few pions will be available to he
with the identification. Hence a qualitative understanding
the pNN decays of these dibaryons is of considerable in
est when contemplating an experimental search for th
dibaryons.

A particularly interesting dibaryon is thed* , of quantum
numbersJpT5310. The interest comes from the possibili
that its mass might be unusually low, thereby indicating
unusual structure or dynamics@2–4#. The purpose of this
paper is to give rough estimates of itspNN decay width
when it is treated approximately as anS-wave bound didelta
state of intrinsic spinS53.

The pNN decay of this modeld* cannot occur via pion
emission from one of the constituentD ’s because the spec
tator baryon will remain aD. Hence the baryons must inte
act at least once to turn the spectator into a final-s
nucleon. This is true too for pion emission from a virtu
meson which must be made to appear in the system. W
one pion emission vertex and two interaction vertices for
spectator interaction~referred to below as a recoil!, the lead-
ing Feynman diagrams are processes containing three v
ces, as shown in Figs. 1 and 2.

Of the processes shown, Figs. 1~a!–1~c! are recoil dia-
grams describingp emission by interacting baryons. Figure
1~d!–1~f! are retardation diagrams describing emission fr
a baryon when a virtual meson is in the air. Figs. 1~g!–1~i!
are some of the relativistic corrections coming fromNN̄
pairs. Finally Fig. 2 gives the contributions for emissi
from an exchanged meson itself. We shall calculate the
cay width for the most important of these processes with
PRC 580556-2813/98/58~4!/2414~15!/$15.00
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help of an approximate angle-average formula develope
this paper.

This paper is organized as follows: The general nature
thepNN decay of the modeld* is described in Sec. II forP-
andS-wave pion emissions. The concept ofl-forbiddenness
for describing the threshold behavior of three-body decay
introduced in analogy to that for nuclearb decays. Both
P-wave andS-wave pion emissions from baryons describ
by Fig. 1 are found to be ‘‘third forbidden.’’ The process
shown in Fig. 2 for pion emission from virtual mesons
leading order are found to vanish for bothP-wave andS-
wave pion emissions.

In Sec. III, an angle-average approximation for the wid
of a three-body decay of the type shown in Fig. 1 is obtain
in the form of a sum of integrals over the product of two s
of off-shell two-body decay amplitudes. Numerical resu
are given in Sec. IV where this angle-average approxima
is applied to Figs. 1~a!–1~c!, using baryon dynamics derive
from the full Bonn potential@5# and from on-shellNN t
matrices constructed from experimentalNN phase shifts@6#.
In Sec. V, retardation contributions are included, while p
effects are found to be negligible.

Section VI gives a discussion of the threshold behavi
of pNN decays, which are controlled, but not solely det
mined, by thel forbiddenness of the decay. The decay of t
d8(Jp502,T50 or 2) dibaryon is studied to illustrate th
complications caused by decays with abnormally la
power dependences on the external momenta near thres

Finally, brief concluding remarks are made in Sec. V
where the implications of our results for the quar
delocalization model ofd* @2–4# are touched upon. In par
ticular, the calculated decay width of 70 keV atm*
52100 MeV seems to imply that there might be too fe
decay pions at low dibaryon masses to help with parti
identification.

II. GENERAL CONSIDERATIONS

The dibaryond* is an isoscalar, high-spin (Jp531)
state. When treated as aD2 bound state, its dominant spatia
2414 © 1998 The American Physical Society
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FIG. 1. Some leading-order Feynman diagrams for the decayd*→pNN with pion emission from a baryon.
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component is7S3 . Figure 1 gives the lowest-order Feynma
diagrams for its decay into thepNN final state by pion emis-
sion from a baryon. ForP-wave pion emission, theNN sys-
tem in thepNN final state hasST501, the possible partia
waves being1D2 and 1G4 . Hence thepNN decay ofd*
through this dominant7S3 component requires three units
baryon spin change, i.e., a rank-3 intrinsic spin tensor.

This rank-3 spin tensor must be combined into a ro
tional scalar as the perturbation responsible for the deca
scalar multiplication with a rank-3 spatial tensor made up
internal or external momenta. The Feynman diagrams sh
in Fig. 1 describe some of the leading-order pion emission
a baryon in our simple model ofd* . The dominant proces
involves aP-wave pion emission that depends linearly on t
momentump35pp of the emitted pion. This means that th
remainingqq or BB interaction must generate a rank-2 sp
tial tensor to trigger the decay. This cannot be done wit
rank-0 central interaction or a rank-1 spin-orbit interactio
A rank-2 tensor-force interaction is needed. Furthermore,
final NN state with the lowest orbital angular momentu
that appears from the initial dominant spatial7S3 state ofd*
is 1D2 .

To the extent thatd* is dominated by theD2 component
containing twot53/2 constituents, the tensor interaction f
recoil must convert at least one of these constituents in
t51/2 nucleon. Thus the tensor force must be an isove
-
by
f
n
y

-
a
.
e

a
or

interaction that arises, for example, from the exchange o
isovector meson such asp or r. This means that the operato
in theBB interaction responsible for the decay in our simp
D2 model ofd* is (si3sj )

(2)(ti .tj ), wherei and j refer to
two separate baryons or to quarks in these baryons. The
eratorss andt are Pauli spin operators for quarks and ge
eralized spin operators for baryons@7#.

It is useful to enumerate the possible components of b
the initial d* and theB2 states appearing afterP- or S-wave
pion emission. We shall use a baryon notation with bary
components restricted to onlyD andN because these baryon
have the lowest masses and the same spatials3 quark struc-
ture. They can therefore be expected to mix strongly w
one another. Under the circumstances, the available state

FIG. 2. Some leading-order Feynman diagrams for the de
d*→pNN with pion emission from virtual mesons.
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2416 PRC 58CHUN WA WONG
d* ~Jp531,T50!:D2@7~S,D,G,I !#,

N2@3~D,G!#;

B2~Jp521/41,T51!:N2@1~D,G!#,

DN@5~S,D,G,I !#,@3~D,G!#,

D2@5~S,D,G,I !#,@1~D,G!#;

B2~Jp532,T51!:N2@3F#,

DN@5~P,F,H !#,@3~P,F !#,

D2@7~P,F,H !#,@3~P,F !#. ~1!

The decay processes shown in Figs. 1~a!–1~c! can then be
described by certain decay equations. ForP-wave emission,
they are

D2~7S3!→N2~3D3!→N2~1D2!1p~ l p51!;

D2~7S3!→DN~5S2!1p~ l p51!,

DN~5S2!→N2~1D2!;

D2~7S3!→D2~5S2!1p~ l p51!,

D2~5S2!→N2~1D2!. ~2!

In this paper, we are particularly interested in low-ma
dibaryons decaying close to thepNN threshold. Such near
threshold decays show certain general kinematical feat
reminiscent of nuclearb decays, features that originate fro
the dominance of centrifugal potential barriers on the out
ing decay products, and are controlled by their orbital an
lar momenta. The transition amplitude can be expanded
Taylor series in these final-state momenta of which only tw
say,pp of the pion andpN of one of the nucleons, are inde
pendent. Ifl p is the pion orbital angular momentum in th
dibaryon c.m. frame andl N is the relative orbital angula
momentum of theNN system in the final state, the leadin
terms in the Taylor expansion are necessarily of the t
Yl pmp

(pp)Yl NmN
(pN), whereYlm(p) is a solid spherical har

monic. The decay width near threshold is then proportio
to (pp

lppN
l N)2 together with additional factors coming from

the three-body phase space which we shall find in Sec. V
be pp

2 pN
2 . We shall call this decayl forbidden whenl 5 l p

1 l N is nonzero. Withl p51 and l N52, the P-wave pion
decays of Eq.~2! are all third forbidden.

This concept ofl forbiddenness is familiar not only from
nuclearb decays, but also from the simpler processes
two-body decays. For example, the decay of theD resonance
involvesP-wave pion emission ofl p51. Hence the decay is
l 51 forbidden in our language. The two-body phase sp
gives an additional factor ofpp . The decay width is then
roughly proportional topp

3 . This is a well-known result.
The l forbiddenness of the decayd*→pNN is deter-

mined as follows: The pion has both orbital and total angu
momental p and paritypp5(21)l p11. The initial state has
quantum numbersJi

p531,T50. Hence the quantum num
s

es

-
-
a
,

e

l

to

f

e
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bers of the most favorable finalNN state areT51, l N5
uJi2 l pu, andpN5p ipp . From these selection rules, we ca
determine that the decayd*→pNN is l 5Ji53 forbidden
for l p5023. For higherl p.Ji , it is l 52l p2Ji forbidden.

These selection rules forpNN decays have been specifie
in terms of the relative coordinate of the finalNN state, i.e.,
a Jacobi coordinate. This is the most natural choice beca
wave-function antisymmetrization and final-state interactio
can then be described most conveniently. However, it is
the only one possible. Selection rules can also be specifie
terms of the one of the final-state nucleon coordinates. T
choice could occasionally be more convenient, for exam
when the nucleon is a real spectator. An example of t
choice will be given in Sec. VI.

Let us now return to the decay ofd* . For S-wave pion
emissions, the finalNN system should have odd spatial pa
ity, and thereforeST511. Only oneN2 partial wave is then
possible, namely,3F3 . Figures 1~a!–1~c! for S-wave pion
emission from a baryon are described by the decays

D2~7S3!→N2~3D3!→N2~3F3!1p~ l p50!;

D2~7S3!→DN~5P3!1p~ l p50!,

DN~5P3!→N2~3F3!;

D2~7S3!→D2~7P3!1p~ l p50!,

D2~7P3!→N2~3F3!, ~3!

respectively. LikeP-wave pion-emission amplitudes, theS-
wave amplitudes interfere among themselves, but they
only incoherently to theP-wave contributions to the deca
width.

Now the basicS-wave pion emission vertex is known@8#
to be of orderw/m relative toP-wave pion emission, where
the baryon~or quark! energy transferw5E2E8 is expected
to be significantly smaller than the baryon massm for low-
massd* . Given the fact that theseS-wave decays are als
l 53 forbidden, we conclude that they can be neglected
comparison withP-wave emissions, at least for the roug
estimates attempted in this paper.

Other types ofS-wave pion emission are possible if th
Feynman diagrams involve orbitally or radially excited bar
ons D* or N* as well. These additional baryon configur
tions can be expected to be even less important becaus
mBB* coupling constants are much smaller than the me
coupling constants toD or N because of the spatial quar
excitations.

Among higher-order diagrams not included in Fig. 1 a
those decribing final-state interactions between the outgo
nucleons. They are not expected to be very important
cause the nucleons have large relative orbital angular
menta in our final states. Thus rescattering effects ind*
→pNN decays could be quite different from those of thres
old pion production in nuclear reactions@9,10#.

Let us turn next to Fig. 2 describing pion emission fro
virtual p-r mesons. The operators involved in Fig. 2~a! have
been derived in connection with the study ofppr-exchange
three-nucleon forces@11#. Two pion-emission operators ap
pear: The first is (s2•q)(t23t1)•F, whereq is the momen-
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tum of the virtual pion andF is its wave function. The
spin-isospin operators appearing here could be those
quarks or of baryons~including transition spins! depending
on the dynamical model used. For simplicity, however,
shall visualize them in this section as generalized bar
spin operators.

This pion-emission operator describesS-wave pion emis-
sion. For the two diagrams in Fig. 2 together,S-wave pion
emission involves the combination (s11s2)•q(t13t2)
•F. This is a rank-1 spin operator. Hence the direct deca
the major componentD2(7S3) of d* ~i.e., Fig. 2! to the only
availableN2 final state of3F3 is not possible. The proces
has to go through a minor component of eitherd* or the final
B2 state. A minor component of the finalB2 state is one
which contains one or moreD ’s that must be converted t
nucleons before the decay is completed.

The second operator appearing in Fig. 2~a! is proportional
to (s2•q)s1•(p33q)(t23t1)•F, obtainable also from
ppr-exchange three-nucleon forces. It gives rise to a p
emission operator of the form22(s13s2)•@q3(p3
3q)#(t13t2)•F, describingP-wave pion emission. The in
trinsic spin operator appearing in it is also only rank 1. It t
cannot connect the dominantD2(7S3) component ofd* to
the availableN2 final states1D2 or 1G4 . HenceP-wave
pion emission by a virtual meson is again possible o
through a minor component in the initial or the final state

To summarize, to the lowest order in the stron
interaction vertices, the decayd*→pNN involves the pro-
cesses described by Fig. 1 involving pion emissions fr
baryons.

III. ANGLE-AVERAGE APPROXIMATION
FOR THREE-BODY DECAY WIDTHS

Estimates of the width of a three-body decay of the ty
shown in Fig. 1 are greatly facilitated by using an ang
average approximation developed in this section.

We begin by noting that Fig. 1~a! can be interpreted as th
off-shell decayN→pN of a smallNN(3D3) component of
d* that has one spectator nucleon on its energy shell. T
component is generated perturbatively by the recoil inter
tion from theD2(7S3) state. For this reason, the energy d
nominator that appears is the bound-state expression

Da5m* 22E~p2!, ~4!

wherem* is thed* mass andE is a nucleon energy in thed*
c.m. frame. Thet matrix appearing in the recoil interaction
an off-shell t matrix between two baryons calculated at t
initial-state energyAs5m* .

On the other hand, Figs. 1~b! and 1~c! involve pion emis-
sion into abnormal or minorD2 or DN components of the
final B2 channels. These abnormal components are off s
with finite spatial extensions when the available energy
below their breakup threshold.

Figures 1~b! and 1~c! are also similar in that their energ
denominators are scattering-state quantities of the type

Db5E~p1!1E~p2!2ED~p!2E~2p2p3!, ~5!

Dc5E~p1!1E~p2!2ED~p!2ED~2p2p3!, ~6!
of
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whereED is aD energy in thed* c.m. frame. Neither energy
denominator vanishes below the appropriate threshold.
off-shell BB t matrix is that calculated at the energy of th
final-stateNN pair.

The n-body decay of an object of massm* can be ex-
pressed conveniently by the Fermi golden rule@12#:

G5~2p!E S 1

dED)
i 52

n F d3p

~2p!3G
i

^uHfi8u
2&spind~m* 2E!dE,

~7!

where H8 is the effective perturbing Hamiltonian. Then-
body density of states that appears can be expressed n
nally in terms of a product of the densities of states of few
bodies. If the spin-average squared matrix elem
^uHfi8u

2&spin is also factorable into appropriate factors referri
to fewer bodies in the problem, the integral could be simp
fied to make the physics more transparent.

To study this possibility ford* , we first note that each
Feynman diagram of Fig. 1 has the simple form
H2D21H3 , whereHi is one of the interactions andD is the
energy denominator between them. The three-body ph
space is unfortunately made complicated by the requirem
of energy conservation which leaves behind the integrati
over

S 1

dE1
D)

i 52

3

d3pi5E1E2E3dE2dE3d2V3df23. ~8!

Here use has been made of the momentum-conserving
tion

E1
25p2

21p3
212p2p3cosu231m1

2 ~9!

in the form

d cosu23

dE1
5

E1

p2p3
. ~10!

Thus only one set of angle integrations, hered2V3 , is for-
mally identical to that for the decay in free space.

What is left of the second set of angle integration
namely,df23, has been partly changed by the requirem
of energy-momentum conservation for all three particles.
a result, kinematical quantities such asE1 and u23 are no
longer independent of each other. Many of the angular fu
tions in the integrand become quite complicated. The ene
denominatorD too could be a function of some of thes
angle variables.

We are interested here in an angle-average approxima
obtained by adding an extra angle integration (1/2)d cosu23
to Eq. ~8! to restore the full angle integration ofd2V2 . The
idea is to undo the angular correlation between the ma
elements of the interactionsH1 and H2 ~so that the angle
integrationsd2p̂i can be done independently!, but keep the
proper three-body phase space of the Dalitz plot@12,13#.

Before this can be done, another complication has to
taken care of. The integrand̂u(H8)fiu2&spin contains the
propagator factorD22 which depends on the external hadro
energiesEi and certain internal baryon energies. The ext
nal hadron energies are angle independent, but some o
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2418 PRC 58CHUN WA WONG
internal baryon energies do depend on the integration an
If such angle-dependent internal energies are replaced
suitable angle-averaged values, for example, by the repl
ment

u2p2p3u→A^p2&1p3
2, ~11!

the factorD22 simplifies to an angle-independent appro
mant ^D22& that can be taken out of the angle integration

The remaining factor in the integrand is now

^u~H2H3!fiu2&spin5)
i 52

3

^u~Hi !fiu2&spin, ~12!

where the state labelsi and f in (Hi) f i are the initial- and
final-state labels appropriate for the interactionHi . The two
sets of angle integrations can now be done independe
leading to the ‘‘off-shell’’ two-body decay widths

G i~Wi !5
4ppi

2dpi

~2p!2dWi

^u~Hi !fiu2&spin, angle, ~13!

where

^u~Hi !fiu2&spin, angle5
1

4pE ^u~Hi !fiu2&spind
2p̂i . ~14!

These decay widths are in general off shell because the
ergy in each final state differs in general from that in t
initial state. The effective energyWi in the density of states
remains to be chosen.

Equation~7! has thus been simplified to

G'
1

2pE dW2dW3S E1

2p2p3
DG2~W2!^D22&G3~W3!.

~15!

This is the basic angle-average approximation used in
paper. In this expression, the effective energiesWi are arbi-
trary integration variables to be chosen for convenience s
the integral is actually independent of their choices. Wh
ever the choice, the remaining integrations should be p
formed over an appropriate Dalitz area that reproduces w
is left of the three-body phase space after the angle inte
tions.

We chooseW35E3 so thatG3 is actually the static limit
@where mp!m(nucleon)] of the physical width for pion
emission. We useW252E2 in order to make the widthG2
for Fig. 1~a! an off-shelld*→NN decay width with a two-
body density of states defined for theN2 system of total
energy 2E2 .

The actualpNN decay amplitude is of course a sum ov
contributions from several Feynman diagrams, though l
ited in this section for convenience in presentation to o
Figs. 1~a!–1~c!. To treat their interference, we shall need t
complex transition amplitudes for theBB recoil

Fi5G i
1/2eif i. ~16!
s.
by
e-
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The final decay width will then be the sum of contribution

G5(
a,b

G~a,b!, with a,b5a,b, or c, ~17!

where

G~a,b!'
4

2pE dE2dE3S E1

p2p3
D

3F2a* F2b^~DaDb!21&F3a* F3b , ~18!

if there were no additional complications in the angle a
spin averages for the ‘‘off-diagonal’’ terms. An extra fact
of 4 appears because there are twoD ’s in d* . The diagonal
terms G(a,a) are positive, while the interference term
G(a,bÞa) could be negative.

Further development of this formula is possible und
special circumstances. Matrix elements at corresponding
tices in different diagrams can be related to one anot
through the quark model@1,14#. For example, thepqq ver-
tex for pion emission from quarki can be taken to be the
nonrelativistic~NR! expression

Vpqq5
f pqq

mp
~si•p3!~ti•F!, ~19!

whereF is the pion wave function, andf pqq5(3/5)f pNN is
the coupling constant. The NR quark model can then be u
to relate theB→pN decay widths that appear in these Bo
diagrams to just the basic width

G3b~p3!5G~D→Np!, ~20!

together with additional factors that represent changes in
reduced matrix elements of operators appearing in the in
action. Additional details will be given in the Appendix. Re
scattering effects for the emitted pion will not be included
the present study.

TheBB→NN transition is more complicated. The trans
tion matrix element (H2) f i in Figs. 1~b! and 1~c! should be
calculated in thed* rest frame, not in the final-stateN2 c.m.
frame where the dynamics is usually specified. This me
that

F2i~W2!5drF2i~p2* !, ~21!

where

dr5Ar2

r2*
5A p2E2

p2* E2*
, ~22!

andF is an off-shell transition amplitude containing the tw
body density of states calculated in theN2 c.m. frame where
the nucleon momentum is

p2* 5A1

4
m12

2 2m2 ~23!

and

m125~E11E2!22p3
2 ~24!
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is the invariant mass of theN2 system.
We could still use the NR quark model to relate the d

ferent operator matrix elements of different diagrams so
the same basic transition amplitudeF2a appears in different
diagrams, albeit evaluated at different energies and with
ferent additional factors. Finally, spin averages must be p
formed term by term for Eq.~17!, as discussed in the Ap
pendix. In this way, we get the final result for Figs. 1~a!–1~c!
of

Gac'
25

12pE dE2dE3 S E1

p2p3
DG3b

3UF2a~p2!

Da
1drS 2F2a~p2* !

3Db
1
F2a~p2* !

3Dc
DU2

, ~25!

involving angle-averaged quantities. This is the decay-wi
expression actually used in our calculations.

We could have used empiricalmBB coupling constants
@7# or some other model ofmBB dynamics@14# instead of
the NR quark model to calculate differentBB recoil ampli-
tudes. The result will differ somewhat from those shown
the equation. However, the differences are not expected t
very large from the viewpoint of the rough estimates
tempted here. So we shall not consider these alternative
this paper.

Equation ~25! has a particularly simple structure if th
recoil amplitudeF2a is calculated in the Born approximatio
or evaluated at a common nucleon momentump2 instead of
at two different values. On ignoring the small difference
the density of states in differentN2 frames as well, we find

G'
25

12pE dE2dE3 S E1

p2p3
DG3bG2aU 1

Da
1

2

3Db
1

1

3Dc
U2

,

~26!

where

G2a5G„d*→N2~1D2!…. ~27!

This very rough formula forG shows that the relative impor
tance of the diagrams is approximately controlled by the
ergy denominatorsDi .

To estimate these energy denominators, we note tha
external nucleon has the median energy of

E~p2!' 1
2 ~mN1Emax!5961~988! MeV, ~28!

where the numerical value is form* 52100 (2200) MeV.
For smalld* masses, the internal baryon energies that app
are dominated by the internal momentump of d* of radius
r * ~usually taken to be 0.7 fm!:

^p2&5
9

16r * 2
'~210 MeV/c!2, ~29!

E~p!'AmN
2 1^p2&5962 MeV, ~30!

ED~p!'AmD
2 1^p2&51250 MeV, ~31!

andEi(2p2p3)'Ei(p). These give the rough estimates
m* 52100 (2200) MeV of
at
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Da'178~224! MeV,

Db'2290~2236! MeV, Dc'2578~2524! MeV.
~32!

These approximate energy denominators can be use
Eq. ~26! to show that the decay widths from the three d
grams taken individually are roughly in the ratio

G~a,a!:G~b,b!:G~c,c!'1:~20.41!2:~20.10!2 ~33!

at 2100 MeV and

G~a,a!:G~b,b!:G~c,c!'1:~20.63!2:~20.14!2 ~34!

at 2200 MeV. Because the denominator of Fig. 1~a! has sign
opposite to those in Figs. 1~b! and 1~c!, the amplitude from
this dominant process interferes destructively with tho
from the latter diagrams, as shown explicitly in the last tw
equations. This destructive interference leads to a total de
width for Figs. 1~a!–1~c! that is roughly an order of magni
tude smaller thanGa from Fig. 1~a! alone.

IV. RESULTS FOR d*˜pNN

To obtain apNN decay widthG, we need to integrate Eq
~25! over the three-body phase space left over after an
integrations. It seems useful to give a rough order-
magnitude estimate of the dominant termGa from Fig. 1~a!
as we go over some of the technical details involved in
integration.

The two-body width forP-wave pion emission is bes
expressed in terms of the experimental decay widthGD

[G(D→pN) of 120 MeV for a free D of mass mD

51232 MeV,

G3b5GDS p3mD

k* EN*
D S p3

k* D 2

ea~k* 22p3
2
!, ~35!

where the parameters with an asterisk are in theD c.m.
frame:

k* 5227 MeV, EN* 5966 MeV. ~36!

The Gaussian factor comes from a baryon form factor ca
lated by using Gaussian wave functions in a NR qu
model. It depends on a parameter

a5r p
2/353.131026 MeV22 ~37!

related to the proton radiusr p . The value ofr p50.6 fm used
here is the one commonly used in many NR quark mod
including @2#. It is not the experimental proton charge radiu
Note that the pion momentump3 appearing in Eq.~35! is
that in thed* rest frame, and that the distortion of the ou
going pion wave function has been neglected.

Momentarily ignoring the Gaussian factor from th
baryon form factor, we find, form* 52100 (2200) MeV,

G3b max559 ~256! MeV,

K G3b

p3
L '

G3b max

2.5p3 max
50.14 ~0.38!, ~38!
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at the maximum valuep3 max5165 (270) MeV ofp3 . The
average shown in the last expression involving a denom
tor factor of 2.5 is obtained as follows: For nonrelativis
~extremely relativistic! kinematics, the phase space
roughly rectangular inp3

2 (p3). The average then has a d
nominator factor of 2~3!. For most of the pion energie
studied here, the kinematics is neither nonrelativistic nor
tremely relativistic. So we take a denominator factor of 2

The two-body widthG2a(p2) for the two-body decayd*
→NN is much less familiar, but it has recently been stud
in @1#. It is given by Eq.~38! of that paper, an expression th
works for any final nucleon momentump2 in the rest frame
of the final-stateN2 system. It can be used for the off-she
momenta appearing in our diagrams, provided that the
duced massm f* appearing in the equation is taken to beE2/2

~whereE25Ap2
21m2) and notm* /4.

Different dynamical inputs are possible. We use the f
Bonn ~FB! potential in the Born approximation, a choic
referred to below as the FB model. Of course, the Born
proximation of a static potential is rather crude becaus
contains no off-shell effect, but it represents a familiar sta
ing point. The resulting width parameterG2a(p)/p2 is shown
by a solid curve in Fig. 3 as a function of the nucleon m
mentump in the c.m. frame of the finalNN state.

Certain rescattering effects not included in Fig. 1 could
included by using empiricalNN t matrices constructed b
Franey and Love~FL! @6# from experimentalNN phase
shifts. These empiricalt matrices are of course on-shellNN
t matrices, but here evaluated at the same momentum tr
fer q as the needed off-shellt matrices. So no dynamica
off-shell effects can be included here. To my best kno
edge, there is no simple way to extrapolate these empirict
matrices off shell without using a realistic potential mode

These FL on-shellt matrices are actually energy depe
dent. In Fig. 1~a!, the t matix involved is that for the initial
dibaryon state of massm* . We therefore use the empiricalt
matrix at theN2 energy ofAs5m* .

FIG. 3. Thed*→NN decay width parameterG2a(p)/p2 as a
function of the off-shell nucleon momentump in theNN c.m. frame
for the full Bonn~FB! and the Franey-Love~FL! models of dynam-
ics. Each FL curve is labeled by the c.m. energy of theNN system
whose empirical free-spacet matrix is used in the calculation. Th
on-shell decay width at each energy is given by a solid circle in
figure.
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Now the d*→NN decay in free space gives two nucl
ons, each of momentumpmax. The resulting decay width is
represented by a solid circle in Fig. 3. In Fig. 1~a!, on the
other hand, we need decay widths at the sameAs5m* but
with off-shell nucleon momentump,pmax. They can also
be calculated for the samet-matrix input from the decay
width formula of @1# because this formula works for an
nucleon momentum. The result is shown as a dashed curv
Fig. 3, one for eachAs whose value~in MeV! is also given
near the curve. Theset matrices are said to be calculated
the ~initial-state! dibaryon energy~DBE!.

In contrast, the recoil interaction in Figs. 1~b! or 1~c!
takes place after pion emission, i.e., at lower energies
involves an off-shellt matrix defined at the energy of th
final N2 state, as in the analogous processes inpp brems-
strahlung@15–17#. In the present rough estimate, it is conv
nient to interpret it as an off-shellBB→NN decay process a
an intermediateB2-state energyAs,m* . This means that
one should use points from the dashed curves in Fig. 3
smaller c.m. energies. The figure shows that such de
widths are smaller because the empiricalt matrix is found to
decrease rapidly asAs decreases.

Such a strong energy dependence originates from
strong energy dependence of certain empiricalNN phase pa-
rameters such as the mixing parametere1 in the N2(3S1
23D1) states. The FLt matrices we use were constructed
@6# from the energy-dependent phase solution SP84 of Ar
and collaborators@18#. It is well known that the energy-
dependent mixing parametere1 from SP84 already varies
more smoothly and more slowly with energy than the s
called single-energy solutions. Nevertheless, it still has
energy dependence much stronger than that of any com
NN potential such as the FB potential. This situation can
seen in Fig. 15-7 of@5#. In other words, the empiricalt ma-
trices and the FB potential do not represent exactly the s
dynamical input when it comes to this tricky isovect
tensor-force part of theNN interaction.

Given this complication and the other problem of missi
off-shell dynamics, we decide to use a much cruder appro
for these empiricalt matrices. Instead of using them at di
ferent effectiveB2 energies dictated by each diagram, w
shall use two extreme prescriptions meant to provide ro
upper and lower bounds.

The first prescription is to uset matrices of the sameNN
energyAs5m* in all decay diagrams, i.e., using only poin
lying on one of the dashed curves in Fig. 3. Theset matrices
are thus calculated at the initial-state dibaryon energy, a
scription referred to below as the FL-DBE model. One c
see from Fig. 3 that the resulting decay widths are larger t
those calculated at variable energies. The DBE results
GpNN can therefore be expected to be rough upper boun
Figure 3 shows that these DBE results are likely to be cl
to those calculated with the FB dynamics.

The second prescription usest matrices calculated at th
lowest possible energies in order to generate a rough lo
bound. These energies will be taken to beNN energies
~NNE’s! after the recoil, giving a prescription to be calle
the FL-NNE model. The resultingG2a decay widths are the
free-space widths reported in@1# and represented by soli
circles in Fig. 3. In other words, the solid circles are no

e
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treated as a function of the nucleon momentump2 and used
in all diagrams. We can see from Fig. 3 that theGpNN that
results will be much smaller than those for the FL-DBE a
FB models. Since the FL-DBE model does not contain
effects of decreased effectiveB2 energies for the recoil afte
pion emission while the FL-NNE model usesNN energies
that are far too low, the actual FL results can be expecte
be somewhere between these two FL models.

Although we have not calculated the full off-shellt matrix
from the FB potential, it is nevertheless useful to point o
some expected rescattering effects in it. We shall concen
on G2a , where theD2(7S3)→N2(3D3) matrix element of the
isovector tensor force has the same sign as theN2(3S1)
→N2(3D1) matrix element, according to Eqs.~A3! and
~A4!. The long-range part of this isovector tensor force
from pion exchange and is attractive in theN2(3S123D1)
states. Hence rescatterings can be expected to enhan
contribution, i.e., to increase the width in Fig. 3 for sm
momenta. On the other hand, the short-range part of the
sor force is dominated by rho exchange and is repuls
Rescatterings will then reduce its value, leading to a
creased width in Fig. 3 at large momenta. These consi
ations suggest that with rescatterings the width from the
model is likely to move towards that for the FL-DBE mode
Even though we do not know the quantitative extent of
change, we do expect the actual results to be much clos
the FL-DBE or FB values than the FL-NNE values. This
especially true if the mixing parametere1 given by the FB
potential is more realistic than the empirical values obtain
from phase-shift anaylsis.

To summarize, the three models shown in Fig. 3 seem
present an interesting range of dynamics for our rough e
mate of thepNN decay width.

Let us now return to our rough estimate ofGa using the
FB model for G2a . We average the dimensionless ‘‘re
duced’’ width G2a /p2 by itself over a rectangular distribu
tion of p2

2 ~for approximately nonrelativistic kinematics! to
get the rough estimate

K G2a

p2
L '

1

p2max
2 E

0

p2max
2 G2a~p!

p
d~p2!50.010 ~0.022!

~39!

for m* 52100 (2200) MeV.
The energy denominatorDa is next factored out of the

integral by using the median energy^E1& of E1 given in Eq.
~28!. After replacing the factorE1 in the integrand itself by
its median value, we are finally left with an integration ov
the E2E3 ~or Np) Dalitz area@13#

A5E
Dalitz

dE2dE3 . ~40!

This area turns out to be 1390 (6800) MeV2. Hence

Ga'
25

12p
AK G2a

p2
L ^E1&

^Da&
2K G3b

p3
L '0.04 ~0.7! MeV,

~41!
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for the FB potential. As expected, the three-body dec
width increases sharply with increasingm* . It is also rather
small, even before the destructive interference with the ot
amplitudes is included.

It is now a simple matter to return to Eq.~25! and perform
an honest integration over the Dalitz area without making
separate averages decribed previously in this section. In
energy denominators, we use the actual external ener
E(p1) andE(p2) of each point in phase space, the appro
mate internal energies forEi(p) shown in Eqs.~30! and~31!,
and the approximation

Ei~2p2p3!'Ami
21^p2&1p3

2, ~42!

that is, the leading term of a Legendre expansion inp•p3 .
The calculated results from Fig. 1~a! alone are shown in Fig
4 as a light solid curve for the FB model, as open diamon
for the FL-DBE model, and as a light dashed curve the F
NNE model. The results for Figs. 1~a!–1~c! are shown as a
heavy dotted curve for the FB model, solid squares for
FL-DBE model, and a dot-dashed curve for the FL-NN
model.

We see that the results from all three models are in be
agreement the higher thed* mass. The FB and FL-DBE
results are quite close to each other over the entire m
range, with the FL-DBE widths a little larger close to th
threshold and a little smaller asm* increases beyond 210
MeV. The FL-NNE widths are about an order of magnitu
smaller than those from the other two models below 21
MeV. Hence the FB widths seem to be quite reasona
being comfortably within our rough upper and lower boun
at low d* masses.

Figure 4 also shows clearly how the destructive interef
ence among Figs. 1~a!–1~c! reduces their resultant deca
width significantly, as we have already noted previously.

V. RETARDATION AND PAIR CONTRIBUTIONS

The remaining six diagrams shown in Fig. 1 come in tw
groups: Figures 1~d!–1~f! describe the retardation contribu
tions due to pion emissions from a baryon when a virt

FIG. 4. The widthsGa from Fig. 1~a! alone andGac from Figs.
1~a!–1~c! for the decayd*→pNN for different dynamical inputs:
the full Bonn ~FB! potential, Franey-Lovet matrices calculated a
the dibaryon energy~FL-DBE! and at theNN energy~FL-NNE!.
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2422 PRC 58CHUN WA WONG
meson is in the air, while Figs. 1~g!–1~i! describe pion emis-
sion via the creation of aBB̄ pair.

The propagator for the retardation diagrama contains the
energy-denominator factorsD0

21Da
21 , where the initial-state

energy denominator

D05m* 2v2E~p2!2ED~p! ~43!

is the same in all three diagrams. Note that the sum of
two intermediate-state baryon energies that appears is
about 2210~2240! MeV for m* 52100 (2200) MeV. That
is, this energy sum increases very slowly beyond the sum
their rest energies~at 2170 MeV! asm* increases. Hence fo
m* '2200 MeV, D0 is close to2v, wherev5Amm

2 1q2

is the meson energy.
The final-state energy denominatorDa depends somewha

on the diagrama with

Dd5E~p2!2v2ED~p!,

De5E~p1!2v2E~2p2p3!,

D f5E~p1!2v2ED~2p2p3!. ~44!

All angle-dependent energies will eventually be appro
mated by angle-averaged energies.

We turn next to the integration over one of the intern
momenta, say, the meson momentumq. ~The other internal
momentump is then fixed by momentum conservation.! This
integration works out the same way it does for the two-bo
transition amplitudeF of Figs. 1~a!–1~c! @1#. The major dif-
ference is that the meson propagatorv22 for Figs. 1~a!–1~c!
is now replaced by the propagator 1/vD0Da for a retardation
diagrama. The appearance of an additionalv-dependent
energy denominator has the consequence that the lon
rangep-exchange contribution becomes relatively more i
portant than in Figs. 1~a!–1~c!.

This change of propagator causes some complicatio
the calculation. Since the additional energy denominator
pends on the meson mass, it can be included only if thep-
and r-exchange contributions can be separated. The tra
tion amplitudeF from Figs. 1~a!–1~c! is of course separabl
into the form

F5Fp1Fr ~45!

when the virtual-meson exchange is treated literally in
Born approximation implied by the figures. By the same
gument, the retardation diagrams 1~d!–1~f! taken literally as
Born diagrams give rise to transition amplitudesR of the
same separable form

R5Rp1Rr . ~46!

The situation is more complicated when rescattering
fects are also included, for example, by using the FLt ma-
trices. While the amplitudeF can be calculated without th
separation of terms shown in Eq.~45!, the calculation ofR is
not possible without it. Fortunately, each FLt matrix is made
up of a sum of three or four terms with different effectiv
e
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meson masses, although the function used differs somew
from that appearing in one-boson-exchange potenti
Hence the calculation ofR is still possible if one interprets
these terms as the separate contributions from different
sons or groups of mesons.

This prescription is admittedly far from ideal, but even
theoretically calculatedt matrix may not be separable int
terms describing single-meson exchanges. The reason is
ply that rescattering means the inclusion of terms with two
more exchanged mesons. Their correct treatment can onl
based on Feynman diagrams. In spite of this limitation
calculation using the empiricalt matrix should still be very
informative. The actual formula used to calculateR for FL t
matrices will be given in the Appendix.

One final problem in using the FLt matrices has to be
mentioned. The longest-range part of their tensort matrices
is not one with the pion mass, but one with twice the ma
The authors found the constraint to match the one-pion ra
‘‘too restrictive’’ @6#, though they were successful in con
straining the longest-range term of the real part of the cen
t matrices to the one-pion value. This range problem is pr
ably not serious in generating the amplitudeF, but possibly
more serious in the amplitudesR for retardation diagrams
This is because these diagrams contain one more energ
nominator dependent on the meson energyv. If the meson
mass is too large in these energy denominators, the resu
decay amplitudes might be too small. It is hard to tell if th
is indeed the case for a numerically fitted function as th
might be compensating terms in the fit, but we shall wa
out for this possibility in the calculated results.

We turn next to the pair diagrams of Figs. 1~g!–1~i!.
Since we need a rank-3 spin operator for the de
d* @D2(7S3)#→pNN, the pion-emission vertex has to b
spin dependent, while the virtual-meson exchange from o
the pair must involve a rank-2 spin operator. The sp
dependent part of the pion emission vertex with the crea

or annihilation of aBB̄ pair turns out to be of orderp/m
~ratio of baryon momentum to baryon mass! relative to the
spin-dependent pion emission vertex from a baryon. T

rank-2 spin part of theB2B̄→B interaction turns out to be
also of orderp/m relative to the rank-2 spin operator in th
nonrelativisticBB→BB interaction for bothp and r ex-
changes. Furthermore, the additional energy denominato
these pair diagrams is larger in absolute value than thos
Figs. 1~a!–1~f! by roughly twice the baryon mass. The co
sequence is that these pair contributions to the decay am
tude can be expected to be roughly two orders of magnit
smaller than those for the other diagrams of Fig. 1 in
mass region of interest in this paper. They can therefore
neglected.

Returning now to the retardation amplitudesR, we need
to add them to Eq.~25! and perform spin averages in th
same way as for Figs. 1~a!–1~c!. Again, it will be convenient
to express all operator matrix elements for the retarda
diagrams in terms of that appearing in Fig. 1~d! for which the
transition amplitude isR2d , where the subscript 2 refers t
the ‘‘spectator’’ nucleon. The final expression for thepNN
width for Figs. 1~a!–1~f! turns out to have the same structu
as Eq.~25!:
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Ga f'
25

12pE dE2dE3 S E1

p2p3
DG3b

3UB~a,d!1drS 2

3
B~b,e!1

1

3
B~c, f ! D U2

, ~47!

where

B~a,d!'R2d~d;p2!1
F2a~p2!

Da
,

B~b,e!'R2d~e;p2* !1
F2a~p2* !

Db
,

B~c, f !'R2d~ f ;p2* !1
F2a~p2* !

Dc
~48!

are amplitudes for pion emission from a baryon. The d
gram labelsa2 f are kept in the expressions as they defi
the energy denominators to be used in the amplitudes.

To simplify the calculation of the retardation amplitude
we use in the energy denominatorsDe andD f the approxi-
mation

Ei~2p2p3!2E~2p22p3!'Ei~2p!2E~2p2!, ~49!

where i 5D or N ~i.e., blank!. The mean external nucleo
energy defined in Eq.~28! is used forE(6p2), and the rms
momentum^p2&1/2 of the initial state is used in the interna
energiesEi(p).

The resultingpNN decay widthGa f is shown in Fig. 5 as
a solid curve for the FB model and as solid circles for t
FL-DBE model. For comparison, the partial widthGa for
Fig. 1~a! alone is also shown, as a light solid curve for t
FB model and open diamonds for the FL-DBE model. A
these widths have been calculated for ad* radius of 0.7 fm.
The width Ga f for a d* radius of r * 50.9 ~0.5! fm is also
shown in the figure as a long-dashed~dashed! curve.

FIG. 5. The widthsGa from Fig. 1~a! alone andGa f from Figs.
1~a!–1~f! for the decayd*→pNN for different dynamical inputs:
the full Bonn~FB! potential, and the Franey-Lovet matrices calcu-
lated at the dibaryon energy~FL-DBE!. The value of thed* radius
r* used is 0.7 fm, unless otherwise specified in the figure.
-
e

,

l

The main feature seen in Fig. 5 is that the retardat
diagrams have overcome the reduction caused by the
structive interference among Figs. 1~a!–1~c! to give a more
normal result quite close toGa for Fig. 1~a! alone. It is in-
teresting thatGa f is greater thanGa for the FB model, but
smaller for the FL-DBE model. The difference has a simp
explanation.

First of all, we should recall that the decay at theBB
→NN step is controlled by a competition between the lon
range attractive tensor force fromp exchange and the
shorter-range repulsive tensor force fromr exchange@1#.
This cancellation makes the width increase less rapidly w
increasing dibaryon mass. It also explains why the width
smaller for a dibaryon of smaller size, as seen in Fig. 5.

Now the retardation diagrams contain an extra energy
nominator that depends on the meson mass, a feature
favors the contribution from the virtual meson of small
mass. Consequently, the attractivep-exchange contribution
is reinforced in the FB model. In the FL models, the on
pion term is absent in the isovector tensor force. The te
that remain correspond to larger meson masses givin
larger energy denominator and, hence, smaller retarda
contributions.

If this picture is correct, the FB result would appear to
more sensible. However, a careful study of both theoretict
matrices calculated from potential models and empiricat
matrices constructed from phase shifts will be needed to c
firm this interpretation. We have not calculated the resu
for the FL-NNE model, but they are likely to be muc
smaller.

Our general conclusion is that while the energy dep
dence of thet matrix is not insignificant, the best estimate w
have now is based on the FB model. According to Fig. 5
gives a value ofGa f for Figs. 1~a!–1~f! that is about 0.006
~0.07, 0.5! MeV at m* 52065 ~2100, 2150! MeV.

VI. l FORBIDDENNESS AND THRESHOLD BEHAVIORS

It is now useful to discuss the threshold behavior of t
decay width. We shall begin with the Dalitz areaA(m* )

FIG. 6. Ratios of the Dalitz areaA, the decay widthGa from
Fig. 1~a!, and the decay widthGa f from Figs. 1~a!–1~f! to the ex-
pected threshold power law for thed*→pNN decay as functions
of the dibaryon massm* . Each ratio is given in units of the value a
m* 52034 MeV.
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defined in Eq.~40!. In the NR limit, it varies with momenta
roughly as (p2 maxp3 max)

2. In reality, the dependence is on
a little weaker than this, as the dotted curve for the ratio

CA~m* !5A~m* !/~p2 maxp3 max!
2 ~50!

of A to its threshold behavior shows in Fig. 6.
Using the NR dependence for the Dalitz area, we fin

threshold behavior for the three-body decay of

G~m* !'const3p3 max
2l p12p2 max

2l N12. ~51!

This dependence could be approximated by justp2 max
2l 14 ,

wherel 5 l p1 l N is the degree of forbiddenness of the dec
but we shall not make this additional approximation here

For d*→pNN with P-wave pion emission, we havel p

51, l N52, and a decay that is third forbidden. To see h
dominant this threshold power law is, we show in Fig. 6 t
ratios

Ca~m* !5Ga~m* !/~p3 max
4 p2 max

6 !, ~52!

wherea5a anda f , as functions of thed* mass for both the
partial widthGa from Fig. 1~a! only ~dashed curve! and the
width Ga f from Figs. 1~a!–1~f! ~solid curve!. Both widths are
calculated with the FB model of interactions.

These curves show that the threshold behavior is fur
modified by momentum dependences due to dynamics
form factors. In fact, both decay widths behave roughly
p3 max

4 p2 max
5 over the first half of the mass range shown in t

figure, a small reduction in the momentum power being u
to simulate the significant momentum dependences show
the figure.

These results are relatively simple because the initial s
is a relativeS state. The situation is more complicated for
relative D state. The solid spherical harmonicY2m(p) that
appears in the initial-state wave function would have giv
rise to an additional factor of

p25~p21q!2, ~53!

whereq is the momentum of the virtual meson involved
the BB recoil. Since this internal momentum is eventua
integrated over, what survives of theq2 term has the same
threshold behavior as those from theS-state component o
d* . The remaining terms in the equation have additio
powers of the external momentump2 left over, leading to
amplitudes with higher powers ofp2 .

We have shown in Sec. II that thed* decay byS-wave
pion emission is also third forbidden. ThisS-wave emission
comes from the second, orS-wave, term in the basicpqq
vertex calculated from the usualpqq Lagrangian with either
pseudovector or pseudoscalar coupling:

Vpqq5const3@2s•~p2p8!1~w/4m!s•~p81p!#
~54!

in the NR andw!m limits @8#: Here p (p8) is the quark
momentum before~after! pion emission, the momentum o
the emitted pion beingp35p2p8, and w5E2E8 is the
baryon energy transfer. One can show that ford* decay, the
use of the second term, theS-wave pqq vertex, instead of
the first, orP-wave, vertex results in the substitution of on
a

,

er
nd
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d
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l

power of the pion momentump3 by one power of theNN
relative momentumup12p2u in the final state. This substitu
tion leaves the threshold power law unchanged.

However, it is not true that the threshold power law
always determined completely by the degree of forbidd
ness of the decay. Occasionally the expected threshold
is absent. Then the surviving leading terms are higher-or
Taylor terms with a momentum power greater than expec
This situation will be described as being ‘‘unfavored’’ b
cause an increase in the power implies a reduction in
decay width near threshold. So the general rule for
threshold power law is that the power is not smaller than t
determined by thel-forbiddenness of the decay, but it cou
be bigger if the decay is unfavored.

To support the assertion that some decay amplitudes
unfavored, I now describe an example which is interesting
its own right. It is thepNN decay of that most promising o
low-mass dibaryons, namely,d8 (Jp502,T50 or 2!,
which was first proposed for a dibaryon interpretation of t
structures seen in the pionic double-charge-exchange r
tion nn(p1,p2)pp on nuclear neutrons@19–21#.

The decay equations forS- and P-wave pion emissions
are, respectively,

d8~02,T50,2!→N2~1S0!1p~ l p50!; ~55!

d8~02,T50,2!→N2~3P1!1p~ l p51!. ~56!

This shows thatS-wave pion emission isl 50 allowed, while
P-wave pion emission isl 52 forbidden. This classification
suggests thatS-wave pion emission would normally dom
nate the decay near threshold.

A more detailed analysis shows that this is not alwa
true. To see this, let us start with the simple models ofd8
used in@22#: a DN bound state in a relativeP state for the
T52 dibaryon and anN* N relative-S bound state involving
a P stateN* for the T50 dibaryon.

In the DN model ofd8(T52), the off-shellD can decay
into a nucleon while the spectator nucleon can come
without further interaction. The pion-emission vertex can
written in one of the following two forms when specialize
to the three-body final state:

VpND}@s•p31~w/2m!s•p12#, ~57!

VpND}F S 12
w

4mDs•p32
w

2m
s•p2G , ~58!

where

p35pp , p125
1

2
~p12p2!52p22

1

2
p3 ~59!

in the dibaryon rest frame, and wheres now stands for a
transition spin operator@7#. We shall call these expression
the Jacobi form and the single-particle form, respectively

The spectator nucleon~of momentump2) is a real spec-
tator when final-state interactions are neglected. ItsP-state
wave function is

c1m~p2!5 f 1~p2!Y1m~p2!, ~60!
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where the radial functionf 1 is finite atp250.
Using the single-particle form for the pion-emission ve

tex, we find that the first, orP-wave, vertex gives a deca
amplitude proportional toY1m(p2)s•p3 , while the S-wave
vertex gives one proportional toY1m(p2)s•p2 . One can rec-
ognize the presence of aP-wave pion in the first decay am
plitude and anS-wave pion in the second amplitude. How
ever, both amplitudes depend on the external had
momenta to the same second power.

It is easy to see why the naively expected threshold te
for S-wave pion emission is missing. TheS-wave vertex is
actually a three-body interaction that isP wave in the spec-
tator momentump2 . Multiplication into the initial P-state
wave function gives an extra factor ofp2

2 . In other words,
the normalS-wave result at threshold, assumed to be m
mentum independent, is simply absent. What survives
higher-order term. We shall call attention to this abnorm
situation by calling the decay unfavored.

An amusing complication in this decay of theDN model
d8(T52) is worth pointing out. In terms of the Jacobi m
mentump12 of the finalN2 state, the initialP state becomes
a mixture ofP andS states:

Y1m~p2!5Y1mS 2p122
1

2
p3D52Y1m~p12!2

1

2
Y1m~p3!.

~61!

This is caused by the recoil of theNN system on pion emis
sion. The second term on the right-hand side describes
process where the pion carries away the orbital angular
mentum leaving theN2 pair in a relativeS state.

The Jacobi description gives four amplitudes. Two a
similar to those already described: a term proportional
Y1m(p12)s•p3 for P-wave pion emission and a term propo
tional toY1m(p12)s•p12 for S-wave pion emission. However
two additional terms appear:Y1m(p3)s•p12 describingP-
wave emission from theS-wave vertex and finally
Y1m(p3)s•p3 describing S- and D-wave pion emissions
from theP-wave vertex. These unexpected terms have th
orbital angular momentum changed by baryon recoil on p
emission. TheD-wave term comes with anNN(1D2) pair in
the final state. It isl 54 forbidden and is therefore quit
unimportant. These recoil-induced emissions are presen
the single-particle form as well, but one has to know wh
to find them.

One can see from Eq.~57! that the recoil-inducedS-wave
pion emission amplitude is not less important than the dir
S-wave pion emission amplitude from theS-wave vertex,
because unlike the latter it is not reduced by the additio
factor w/2m. However, it generates the same unfavoredS-
wave threshold behavior of a quadratic dependence on
external momenta and not the normal behavior indepen
of external momenta. So none of theS-wave decay ampli-
tudes in our simple model ofd8(T52) is normal, and all are
unfavored by two powers of the external momenta.

The above analysis is helpful because it tells us how
generateS-wave emission amplitudes that are normal a
therefore dominant near threshold: The unwanted mom
tum can be prevented from appearing as an external mom
tum in anS-wave emission amplitude if it can be chang
into an internal momentum that is eventually integrated ov
n
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This means that theP-wave excitation of the initial state
should not be in the relativeBB coordinate, but in a quark
coordinate internal to a baryon. In other words, amplitud
with normalS-wave threshold behavior can only come fro
those components ofd8(T52) containing aP-wave excited
D* or N* .

The contributing term can readily be isolated by using
shell-model configuration in which aP-state quark inB*
becomes anS-state quark in a nucleon after pion emissio
The angular integrations over the initial-state quark mom
tum p has the form

E d2p̂Y1m~p!Vpqqexp@2b~p2p3!2#, ~62!

where the solid spherical harmonic comes from the ini
P-state and the Gaussian comes from the finalS-state wave
functions. Using the single-particle form Eq.~58! of the
pNN vertex with p252p, we find that theP-wave vertex
term contributes anS-wave pion-emission amplitude that
unfavored by a momentum factorp3

2 . It is theS-wave vertex
term that gives rise to the sought-for amplitude that is in
pendent of external momenta. Such an amplitude is m
favorable thanP-wave emissions near threshold by two d
grees of forbiddenness. It can be expected to dominate
decay width near threshold.

It is true, however, that theS-wave vertex is weaker than
the P-wave vertex by a factorw/2m, and, depending on the
dynamical model ford8, the B* B components ofd8(T
52) might themselves be weak. So the quantitative imp
of this normalS-wave decay amplitude at the dibaryon ma
of 2065 MeV is model dependent.

Exactly the same situation holds ford8(T50) when
treated as anS-waveN* N bound state, whereN* is aP-state
baryon of isospin 1/2. To the extent that this compon
might actually be a significant if not major part ofd8(T
50), the decay width of this dibaryon can be expected to
actually larger than that ford8(T52) near threshold.

The qualitative views on the decay ofd8 implied by our
forbiddenness classification and threshold behaviors b
agree with and differ from those obtained in recent studies
thed8 decay width in interesting ways. For the same mod
of d8, we agree with Garcilazo@22# that theT50 decay
width should be larger than theT52 width, but both our
widths are likely to be much smaller than Garcilazo’s resu
This is because ford8(T50), the normal allowedS-wave
decay comes only from the weakS-wavepqq vertex, while
for d8(T52) without anyB* component, thel 52 forbidden
decay width should be relatively small near threshold.

We agree with Obukhovskyet al. @23# in finding that the
P-wave pNN vertex causes a recoil-induced decay intoS-
wave pion andNN(1S0) final state, and that the resultin
decay amplitude has an abnormal quadratic dependenc
the pion momentum. However, another decay amplitude
comparable importance, namely,P-wave pion emission
caused by theP-wave pNN vertex and leading to the
NN(3P1) final state, has not been included in their calcu
tion.

We agree with Samsonov and Schepkin@24# that another
problem with the calculation of@23# is that theS-wavepNN
vertex has been left out. Its inclusion is important as it giv
rise to the dominant allowedS-wave emission near threshold
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Much is unclear, however. The energy transferw appearing
in it is sometimes positive and sometime negative. It is
clear what it averages out to be. It is also not clear how m
of the S-wave dominance remains by the time we get to
dibaryon mass of 2065 MeV.

VII. DISCUSSION AND CONCLUSIONS

Just as in nuclearb decay, a general three-body dec
near threshold depends sensitively on the orbital angular
menta of the decay particles in the final state. A classifica
of the decay widths based on different degrees ofl forbid-
denness then becomes useful. Much diversity exists wi
this broad classification, primarily because some decays
weaker than normal~or are unfavored! due to the presence o
additional powers of external momenta in their decay am
tudes.

According to this classification, the decays

d* ~Jp531,T50!→p~ l p50!NN~3F3!,

p~ l p51!NN~1D2! ~63!

of the dibaryond* are both normal ‘‘third-forbidden’’ de-
cays. Even among such normal decays, considerable d
sity remains in the decay widths due to differences in wa
functions and in dynamics.

In this paper, we have used an angle-average approx
tion to make quick estimates of thepNN decay width of a
d* described as a simpleD2 bound state. We find a leading
order decay width of only 70 keV at thed* massm* of 2100
MeV. The calculated width decreases rapidly asm* de-
creases towards the threshold at 2020 MeV, being only ab
6 keV atm* 52065 MeV.

The accuracy of these angle-averaged results must be
firmed in the future by more detailed calculation. Such
calculation is conceptually simple, but a little tedious in e
ecution as it involves additional angle integrations. The
certainties caused by angle averaging are likely to be m
smaller than the uncertainties caused by uncertainties in
wave functions and in the strong-interaction dynamics.

Although thed* model used here is crude, the calculat
results can be used to estimate the decay widths for o
models of the wave function. For example, thed* wave
function is much more complicated in the quar
delocalization and color-screening model of@2–4#. It has
been estimated@1# that quark delocalization would decrea
the present result by a factor of 0.4, while only 1/5 of t
six-quark wave function is in theD2 configuration. The re-
maining 4/5 of thed* state is in hidden-color configuration
which will contribute much less, perhaps only 1/5 or less
the contribution ofD2.

Thed*→NN width used here might also have been ov
estimated by the meson-exchange model used in@1#. This
would be the case if the interior of thed* dibaryon is a
perturbative vacuum where the exchanged mesons do
exist as such and where the dynamics is much weaker.
suming that the hidden-color contribution is canceled by
reduction caused by the perturbative vacuum, we are
with a total reduction, for the quark-delocalization and col
screening model ofd* , of about an order of magnitude from
the results reported here for our simple model ofd* asD2.
t
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There are other wave-function uncertainties such as
presence of theD2(7D3) component, which could be signifi
cant or negligible depending on the dynamics assumed
operate at short distances.

We have relied on the familiar meson-exchange mode
nuclear forces to generate the dynamics needed in the ca
lation. Unfortunately, the calculated decay width involv
the short-range part of the isovector tensor force where th
is much cancellation between thep- andr-exchange contri-
butions. Our knowledge of this particular combination of
ovector tensor forces, and of short-distance dynamics in g
eral, seems to be relatively poor.

In spite of these uncertainties, our results seem to sug
that thepNN decay width ofd* might be too small at low
d* masses to make it easy to use the few decay pions
particle identification.

Note added in proof. The contributions of theS-wave
pNN vertex have been studied and found to be small by
authors of@23# in an earlier paper@25#.
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APPENDIX: SPIN AVERAGES AND TWO-BODY
DECAY AMPLITUDES

The three-body decayd*→pNN involves two groups of
two-body reduced matrix elements~RME’s!: one forp emis-
sion from a baryon and one for the two-baryon transiti
BB→NN, where a baryon could beD or N. When brought
down to the quark level, the RME’s needed forp emission
from different baryons are related by the NR quark mode
follows:

~Dis1t1iN!5
8

3
A2,

~Dis1t1iD!5
20

3
, ~Nis1t1iN!5

10

3
, ~A1!

where quark 1 is in the baryon.
The operator responsible for theBB→NN transitions

needed in Figs. 1~a!–1~c! is

TBB52~s13s4!~2!~t1•t4!, ~A2!

where quarks 1 and 4 are in two different baryons. The f
lowing RME’s are needed in our calculations:

~D2,ST530iTBBiN2,10!5
16

9
A7

2
,

~ND,ST521iTBBiN2,01!52
40

27
A5,

~D2,ST521iTBBiN2,01!5
40

27
A2. ~A3!

For comparison, we also give the RME betweenN2 states:
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~N2,ST510iTBBiN2,10!5
50

27
A5. ~A4!

The spin averages of the product of operator matrix e
ments appearing in the contributions to the decay wi
shown in Eq.~12! are relatively easy to calculate directly fo
the d* S-state. For Fig. 1~a! alone, we have

1

2S11 (
M ,MT

(
m,m,n

u^ i u~s13s4!m
~2!~t1•t4!smtnu f &u2

5
25

24
~D2,ST530iTBBiN2,10!2~Dis1t1iN!2, ~A5!

where

u i &5ud* ;S53M ,T500&,

u f &5u~pNN!00,1MT&. ~A6!

The quark label has been left out of the quark operatorssmtn
responsible for the pion emission. We have also chose
express this and other spin averages in terms of the RM
for D2→NN and D→pN for convenience in mutual com
parisons. The spin averages for the other diagrams and
interference terms can be calculated in the same way.

The pion momentum is the same for all Feynman d
grams, but the dependence on the nucleon momenta is m
complicated. We shall assume that theBB→NN interaction
should be evaluated in the c.m. frame of the baryons in F
1~b!, 1~c!, 1~e!, and 1~f!, and not that ofd* . This means, for
example, that the nucleon momentum appearing in the
responding decay amplitudes for Figs. 1~b! and 1~c!, denoted
F2a in the text, is different from that for Fig. 1~a!, as ex-
plained more fully in Sec. II. This refinement is included
the final expression~47!, which also gives the results of a
spin averages.

Two two-body decay widths~or amplitudes! appear in
this equation. The one for the decayD→pN is obtained
from the free-space decay widthGD based on aP-wavepqq
vertex for pion emission from quarks. This means that
have neglected a certain well-knownS-wave vertex term
which when expressed in baryon coordinates is proportio
to the mean momentum of the emitting baryon. ThisS-wave
emission vanishes in free space because the approp
frame to be used is the one where the mean momentum
ishes, i.e., the Breit frame. It does not vanish in a ma
baryon system where the mean baryon momentum is n
zero. We have argued in Sec. II, however, that ford* decay
this S-wave vertex is likely to be much less important th
the more familiarP-wave vertex. It may therefore be ne
glected in the qualitative estimates attempted in this pap

Two different dynamical inputs for theBB→NN transi-
tion amplitudesF2a are used in Eq.~47!. It depends on the
nucleon momentump2* in the B2 rest frame of invariant
massm12:
-
h

to
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-
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-
n-

.

F2a~p2* !5SAp2* m*

2p
DA 8

15S 12

5 D 2S 1

pb* 2D 3/4

e2k2/2I ~k!

3S b85

k3 D , ~A7!

where

m* 5m12/4, k5p2* /b* , b* 5A3/8r * , ~A8!

r * is thed* radius, usually taken to be 0.7 fm, andI (k) is
an integral@1# over the momentumq5b* Q of the virtual
meson responsible for theBB recoil:

I ~k!5E e2Q2/2@ j 2~ ikQ!~kQ!3#t ivt~b* Q!QdQ.

~A9!

The functiont ivt(q) is the radial part of the isovector tenso
force appearing in both meson-qq and meson-BB interac-
tions.

For the full Bonn potential@5# in the Born approximation,
we use

t ivt~q!'v ivt~q!5(
i

v i~q!, ~A10!

where

v i~q!54p
Sia i

4mi
2

1

q21mi
2S L i

22mi
2

L i
21q2 D 2

. ~A11!

The sum is taken over the two virtual mesonsi 5p,r, with
signaturesSp521,Sr51 and strengths

ap5
gp

4p
514.4,

ar5
gv

2

4pS 11
f v

gv
D 2

50.84~116.1!2, ~A12!

respectively. The other parameters are those shown on p
of @5#.

For the Franey-Lovet matrix, we use Eq.~15c! of @26#

t ivt~q!5(
i

t i~q!, ~A13!

where

t i~q!532p
Vi

Tq2Ri
7

@11~qRi !
2#3 . ~A14!

This is a sum of three to four terms of different rangesRi
corresponding to virtual mesons of different massesmi
5\c/Ri . The parameters are given in Table I of@6#.

In the approximation described in Sec. V, two of the r
tardation amplitudesR involve the same function:
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R2d~ f ;p2* !5R2d~d;p2* !. ~A15!

Only two distinct functions are then needed. Both are gen
ated from Eq.~A7!, but by using certain retardation analo
r ivt of t ivt . For the FB potential, they are

r ivt~a;q!5(
i

v i~q!v i

D0iDa i
, ~A16!

where the argumenta5d@e# denotes Fig. 1~d! @Fig. 1~e!#,
v i5Ami

21q2, and
id

ev

n
a

-

,

r-

D0i'm* 2v i2^E2&2^ED&,

~A17!

Da i'^E2&2v i2^EB&.

The baryon energyEB is ED for a5d, and the nucleon
energyE for a5e. The averages appearing here are tho
described in Sec. V.

For the FL t matrices, the Born termv i in Eq. ~A16!
should be replaced by thet-matrix termt i .
-

n,

nd
@1# C.W. Wong, Phys. Rev. C57, 1962~1998!.
@2# T. Goldman, K. Maltman, G.T. Stephenson, Jr., K.E. Schm

and F. Wang, Phys. Rev. C39, 1889 ~1989!; F. Wang, J.L.
Ping, G.H. Wu, L.J. Teng, and T. Goldman,ibid. 51, 3411
~1995!.

@3# F. Wang, G.H. Wu, L.J. Teng, and T. Goldman, Phys. R
Lett. 69, 2901~1992!.

@4# T. Goldman, K. Maltman, G.T. Stephenson, Jr., J.L. Ping, a
F. Wang, ‘‘Systematic Theoretical Search for Dibaryons in
Relativistic Model,’’ Los Alamos Report No. LA-UR-95
2609, 1995.

@5# R. Machleidt, K. Holinde, and Ch. Elster, Phys. Rep.149, 1
~1987!.

@6# M.A. Franey and W.G. Love, Phys. Rev. C31, 488 ~1985!.
@7# H. Sugarwara and F. von Hippel, Phys. Rev.185, 2046~1969!.
@8# T. Ericson and W. Weise,Pions and Nuclei~Clarendon Press

Oxford, 1988!, p. 120.
@9# T.-S.H. Lee and D.O. Riska, Phys. Rev. Lett.70, 2237~1993!.

@10# C. Hanhart, J. Haidenbauer, A. Reuber, C. Schu¨tz, and J.
Speth, Phys. Lett. B358, 21 ~1995!.

@11# H.T. Coelho, T.K. Das, and M.R. Robilotta, Phys. Rev. C28,
1812 ~1983!.

@12# Particle Data Group, R. M. Barnettet al., Phys. Rev. D54, 1
~1996!.
t,

.

d

@13# G. Källen, Elementary Particle Physics~Addison-Wesley,
Reading, MA, 1964!, pp. 193–199.

@14# G.E. Brown and W. Weise, Phys. Rep., Phys. Lett.22C, 279
~1975!.

@15# V.R. Brown, Phys. Rev.177, 1498~1968!.
@16# V. Herrmann and K. Nakayama, Phys. Rev. C46, 2199

~1992!; F. de Jong and K. Nakayama, Phys. Lett. B385, 33
~1996!.

@17# J.A. Eden and M.F. Gari, Phys. Rev. C53, 1102~1996!.
@18# R.A. Arndt, L.D. Roper, R.A. Bryan, R.B. Clark, B.J. Ver

West, and P. Signell, Phys. Rev. D28, 97 ~1983!; R.A. Arndt
and L.D. Roper~unpublished!; R.A. Arndt ~private communi-
cation via G. Love!.

@19# R. Bilger et al., Z. Phys. A343, 491 ~1992!; R. Bilger, H.A.
Clement, and M.G. Schepkin, Phys. Rev. Lett.71, 42 ~1993!;
72, 2972~1994!.

@20# L.S. Vorobevet al., JETP Lett.59, 77 ~1994!.
@21# W. Brodowskiet al., Z. Phys. A355, 5 ~1996!.
@22# H. Garcilazo, J. Phys. G23, 1101~1997!.
@23# I.T. Obukhovsky, K. Itonaga, Georg Wagner, A.J. Buchman

and Amand Faessler, Phys. Rev. C56, 3295~1997!.
@24# A. Samsonov and M. Schepkin, nucl-th/9712079.
@25# K. Itonaga, A. J. Buchmann, Georg Wagner, and Ama

Faessler, Nucl. Phys.A609, 422 ~1996!.
@26# W.G. Love and M.A. Franey, Phys. Rev. C24, 1073~1981!.


